Summary Specific neuronal types derived from embryonic stem cells (ESCs) can facilitate mechanistic studies and potentially aid in regenerative medicine. Existing induction methods, however, mostly rely on the effects of the combined action of multiple added growth factors, which generally tend to result in mixed populations of neurons. Here, we report that overexpression of specific transcription factors (TFs) in ESCs can rather guide the differentiation of ESCs towards specific neuron lineages. Analysis of data on gene expression changes 2 d after induction of each of 185 TFs implicated candidate TFs for further ESC differentiation studies. Induction of 23 TFs (out of 49 TFs tested) for 6 d facilitated neural differentiation of ESCs as inferred from increased proportion of cells with neural progenitor marker PSA-NCAM. We identified early activation of the Notch signaling pathway as a common feature of most potent inducers of neural differentiation. The majority of neuron-like cells generated by induction of Ascl1, Smad7, Nr2f1, Dlx2, Dlx4, Nr2f2, Barhl2, and Lhx1 were GABA-positive and expressed other markers of GABAergic neurons. In the same way, we identified Lmx1a and Nr4a2 as inducers for neurons bearing dopaminergic markers and Isl1, Fezf2, and St18 for cholinergic motor neurons. A time-course experiment with induction of Ascl1 showed early upregulation of most neural-specific messenger RNA (mRNA) and microRNAs (miRNAs). Sets of Ascl1-induced mRNAs and miRNAs were enriched in Ascl1 targets. In further studies, enrichment of cells obtained with the induction of Ascl1, Smad7, and Nr2f1 using microbeads resulted in essentially pure population of neuron-like cells with expression profiles similar to neural tissues and expressed markers of GABAergic neurons. In summary, this study indicates that induction of transcription factors is a promising approach to generate cultures that show the transcription profiles characteristic of specific neural cell types.
Introduction
Many neurological disorders are associated with malfunction or degeneration of specific kinds of neurons. For example, Parkinson's disease is caused by degeneration of dopaminergic neurons (Berke and Hyman 2000; Huse et al. 2005) ; spinal muscular atrophy and amyotrophic lateral sclerosis are associated with degeneration of motor neurons (Crawford and Pardo 1996; Riku et al. 2014) ; and epilepsy, schizophrenia, autism, and Huntington's disease are associated with degeneration of GABAergic interneurons (de Lanerolle et al. 1989; Kim et al. 2014; Benes et al. 1991; Sgado et al. 2013 ).
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Treatment of these diseases by chemical modulation of existing cells is often not satisfactory because some types of neurons may be missing, and thus, cell transplantation is a promising strategy for ameliorating neural functions. One of the challenges of this approach is generating large quantities of specific neuron types in vitro. Neuron-like cells expressing markers of specific types of neurons were successfully derived from embryonic stem cells (ESCs) following treatment with retinoic acid and/or growth factors (Chatzi et al. 2009; Nishikawa et al. 2013) . However, these methods are not specific enough to generate target neuronal cell types because growth factors induce the expression of a large set of genes from various signaling pathways. An alternative approach is to manipulate individual transcription factors (TFs) which are presumably more specific in guiding cells towards certain neural fates. This approach may also yield data for the analysis of gene regulatory networks and hence elucidate the molecular mechanisms that control ESC differentiation into specific types of neurons or glia.
Many studies on cell reprogramming and gene knockout in mice showed that TFs determine specific neuron subtypes. The combinations of neural TFs can directly convert fibroblasts into neural subtypes, including dopaminergic and motor neurons (Vierbuchen et al. 2010; Caiazzo et al. 2011; Pfisterer et al. 2011 , Son et al. 2011 . Previous studies have shown that Lmx1a and Nr4a2 (aka Nurr1) improve the yield of dopaminergic neurons derived from ESCs (Chung et al. 2002; Andersson et al. 2006; Martinat et al. 2006) . Overexpression of Fezf2 reprograms cortical progenitors into corticothalamic motor neurons in vivo (Rouaux and Arlotta 2010; Rouaux and Arlotta 2013) . Genes from the Dlx family have been shown to be critical for interneuron specification. Dlx1/Dlx2 mutant mice show a massive decrease of neocortical GABAergic interneurons at birth (Anderson et al. 1997) . Conditional knockout of Dlx5/Dlx6 decrease calretinin olfactory bulb interneurons . However, these data cover a small portion of all TFs in the genome and therefore are not sufficient to select prospective TFs whose manipulation may help to derive neuron types from ESCs. Although the techniques for isolating and characterizing distinct classes of neurons from CNS were developed (e.g., laser capture, FACS, and single-cell transcriptome analysis), the exact gene expression profiles of most kinds of neurons are still not known.
In this paper, we explored how the induction of individual TFs in ESCs may result in differentiation towards neural fate in general as well as towards specific types of neural cells. First, we mined the existing gene expression data on shortterm effects of inducible individual TFs (Nishiyama et al. 2009; Correa-Cerro et al. 2012; Yamamizu et al. 2016 ) and then used prospective TFs for differentiation assays. This approach allowed us to identify TFs that facilitated the differentiation of ESCs into GABAergic, dopaminergic, and cholinergic neurons. Second, we explored mechanisms of cell differentiation towards GABAergic neurons using a time course of gene expression profiling of messenger RNA (mRNA) and microRNA (miRNA) . And finally, we tested a method for enrichment of population of neuronal cells that are candidates for specific lineages, using beads carrying the anti-PSA-NCAM antibody.
Materials and Methods
Cell culture, differentiation, enrichment, and gene expression profiling ESC lines carrying a tetracycline-regulatable TF were previously derived as described (Nishiyama et al. 2009 ) from MC1 (129.3) mouse ESCs which were obtained from the expanded frozen stock at Johns Hopkins University, where they were derived. Cells were cultured in DMEM with 15% FBS and 1000 u/ml leukemia inhibitory factor (LIF) on feeder cells (Nishiyama et al. 2009 ). For differentiation, cells were cultured in αMEM medium with 10% FBS without LIF for 3 d and were then transferred to the NeuroCult™ Differentiation medium that contained NSC Basal Medium (catalog no. 05700) and NSC Differentiation Supplements (catalog no. 05703) (Yamamizu et al. 2013) . For culturing of control cells, doxycycline (Dox) was added to the medium to repress the expression of transgenic TF.
For FACS analysis, cells were harvested at 6 d of differentiation and stained with APC-conjugated PSA-NCAM antibody MoAb (Miltenyi Biotec, Bergisch Gladbach, Germany) and then analyzed using FACSCanto II (Becton Dickinson) (Zhang et al. 2010) . For cell enrichment, cells were labeled with anti-PSA-NCAM MicroBeads (Miltenyi Biotec, ) after 6 d of differentiation and enriched via MACS separation columns (Miltenyi Biotech), following the manufacturer's protocol. Immediately after cell enrichment (sorting), cells were plated onto mouse laminin (10ug/ml, Sigma)-coated plates and allowed to differentiate for an additional 8 d with NeuroCult™ Differentiation medium (Yamamizu et al. 2013) .
For global gene expression profiling with microarrays, cells were cultured on a gelatin-coated dish and RNA was extracted with TRIzol™ (1 ml/well; Invitrogen, Carlsbad, CA) and processed as described (Sharova et al. 2007 ). Additionally, we used mirVana™ kit (Thermo Fisher Scientific, Waltham, MA) for miRNA and mRNA extraction. For mRNA expression profiling, Cy3-CTP-labeled sample targets were prepared with total RNA by Low RNA Input Fluorescent Linear Amplification Kit (Agilent, Santa Clara, CA) and hybridized to NIA Mouse 44K Microarray v3.0 (Agilent, design ID 015087) (Carter et al. 2005) together with Cy5-CTP-labeled reference target, which was produced from mixture of Stratagene Universal Mouse Reference RNA and RNA from MC1 cells. The number of biologically independent replications varied from 1 to 3; a time-course experiment on Ascl1 induction was done with only one replication per time point. Because we used ANOVA, the error variance was estimated based on replicated samples and then extrapolated to non-replicated samples. Samples obtained with two mRNA extraction methods (TRIzol and mirVana) yielded slightly different gene expression results; however, relative gene expression measures (log-ratio) obtained with these methods were consistent (correlation r = 0.875) (Supplementary Fig. S1 ). For comparison with other data sets where RNA was extracted with TRIzol (undifferentiated ESCs and mouse organs and tissues), we used data obtained with TRIzol for consistency. Data on PCA-NCAM(−) cells obtained with mirVana were converted to match the data obtained with TRIzol using gene-specific coefficients estimated from five pairs of identically derived samples processed with both methods. Time-course samples were obtained with mirVana, and they were compared only with each other. For miRNA expression profiling, we used Agilent-046065 Mouse miRNA V19 8x60K microarrays. Probes were labeled according to Agilent G4170-90011 miRNA Protocol 3.0. Slides were scanned with Agilent SureScan D Microarray Scanner. Microarray data are submitted to GEO/NCBI database, accession number GSE78951.
Immunohistochemistry Immunostaining for cultured cells was carried out as described previously (Yamamizu et al. 2013) . Briefly, 4% paraformaldehyde-fixed cells were blocked by 1% skim milk (BioLab) and incubated overnight with primary antibodies at 4°C. For immunofluorescent staining, antimouse, rat, rabbit, or goat IgG antibodies conjugated with Alexa488 or Alexa546 (Invitrogen) were used as secondary antibodies. Primary antibodies were as follows: mouse anti-TUJ1 (1:500; Covance, Princeton, NJ); rabbit anti-TUJ1 (1:500; Covance); mouse anti-MAP2 (1:500; Sigma-Aldrich, St. Louis, MO); mouse anti-NEUN (1:100; Millipore); rabbit anti-TH (1:500; Millipore); rat anti-DAT (1:500; Millipore); rabbit anti-VMAT2 (1:500; Millipore); rabbit anti-AADC (1:500; Abcam); rabbit anti-ALDH1A1 (1:500; Abcam); rabbit anti-GABA (1:500; Sigma-Aldrich); mouse anti-GAD67 (1:500; Millipore); mouse anti-PV (1:500; Millipore); rat anti-SST (1:500; Millipore); mouse anti-ISL1/ISL2 (1:500; DSHB); mouse anti-Hb9 (1:500; DSHB); goat anti-ChAT (1:500; Sigma-Aldrich). Differentiated neurons were photographed with inverted fluorescent microscopy (Eclipse TE300; Nikon) with the use of NIS-Elements Software (Nikon).
Data analysis For statistical analysis of microarrays, we used ExAtlas, which uses ANOVA with error variance adjustment and estimates the false discovery rate (FDR) to account for multiple hypothesis testing (Sharov et al. 2015) . Expression changes by >2-fold and FDR ≤0.05 were considered significant. ExAtlas was also used for estimating correlations between gene expression changes in two data sets and for parametric analysis of gene set enrichment (PAGE) (Kim and Volsky 2005) .
Target genes with binding sites of Ascl1 in promoters and enhancers were identified as follows. First, we compiled a list of Ascl1 binding sites based on published ChIP-seq data (GEO samples: GSM1187221, GSM1187223, GSM1187225, GSM1187228, GSM1175113, GSM1347006) (Borromeo et al. 2014; Wapinski et al. 2013; Webb et al. 2013) and selected sites that matched between ≥3 studies within 500 bp. In gene expression heatmaps, we also show genes with binding sites of Ascl1 supported by two studies. These binding sites were then annotated based on transcript coordinates (RefSeq and Ensembl, genome mm9) downloaded from UCSC database (genome.ucsc.edu). Each binding site was attributed to the closest transcription start site (TSS) and to other TSSs that appear within the triple distance to the nearest TSS.
Results
ESCs acquire gene expression profiles similar to neural tissues after upregulation of specific transcription factors Previously, we used overexpression of 185 TFs in mouse ESCs to elucidate their effect on global gene expression profiles within 48 h (Nishiyama et al. 2009; Correa-Cerro et al. 2012; Yamamizu et al. 2016) . Transgenic TFs under control of tetracycline-controlled promoters were activated by withdrawal of Dox from the culture medium. To find TFs that may facilitate neural differentiation, we explored correlations between the downstream effects of induced TFs and tissue-specific gene expression profiles from the GNF database, version 3 (Su et al. 2002; Wu et al. 2009 ).
Pearson correlation was applied to log-transformed values of gene expression (normalized by gene-specific median) for all genes that showed significant change in expression in both data sets (ANOVA, change ≥1.5-fold for induced TFs and ≥2-fold for GNF), as described (Correa-Cerro et al. 2012; Sharov et al. 2015) .
1 Calculations were done using ExAtlas, where the algorithm is implemented (Sharov et al. 2015) . Positive significant correlation (p ≤ 0.05) with at least some neural tissues was detected for 36 TFs; the strongest correlations were seen for Myt1, Klf3, Pou5f1, St18, Foxg1, Sox9, and Ascl1 (Fig. 1A) .
Because neural tissues include a large number of different cell types, we attempted to sharpen the approach by looking at TFs whose overexpression resulted in upregulation of genes that are specific to individual neural cell types. Lists of genes that are specific to individual neural and glial cell types (astrocytes, oligodendrocytes, interneurons, pyramidal neurons, motor neurons, retinal neurons, and GABAergic neurons) were compiled from the literature (Sugino et al. 2006; Al-Jaberi et al. 2013; Zeisel et al. 2015) and public data (GEO data series GSE45809, GSE52118, GSE60856, GSE19372, GSE35338, GSE5582, GSE36456, GSE11483, GSE9566, Smad7 GSE17806, GSE35077, GSE2882, and GSE13379). Genes specific to GABAergic neurons, interneurons in general, and pyramidal neurons were mostly activated after overexpression of Dlx3 and Dlx2, as well as by other TFs that cause upregulation of Dlx1 and Dlx2 (e.g., Cdx2, Dmrt1, Foxl2, Foxc1, Tcf3, and Sox9) ( Supplementary Fig. S2 ). This is consistent with previous observations that Dlx TFs are important for the GABAergic neuron fate (Anderson et al. 1997; Potter et al. 2009; Paina et al. 2011; Sellers et al. 2014) . By contrast, genes specific to astrocytes and oligodendrocytes were activated after upregulation of Sox9 ( Supplementary Fig. S3 ). This association is consistent with published observations that Sox9 determines glial fate choice in the developing spinal cord (Stolt et al. 2003) .
Testing predicted potency of transcription factors to facilitate neural differentiation of ESCs Although ESCs showed almost no change in morphology after 48 h of upregulation of induced transgenic TFs, gene expression changes towards tissue-specific patterns had already occurred, and we had found that they often correlated with the potency of specific TFs to facilitate differentiation of cells into corresponding cell types, such as myocytes, hepatocytes, and blood cells (Yamamizu et al. 2013 ). Here, we tested if this relationship holds for ESC differentiation into neural cell types. For neural differentiation, cells were cultured for 3 d in αMEM medium and 3 d in NeuroCult differentiation medium. On day 6, the proportion of cells with neural progenitor marker PSA-NCAM was quantified by FACS (Canto II, Becton Dickinson) (Fig. 1B) . Immunostaining showed that PSA-NCAM was co-expressed with neuronal marker TUJ1 (TUBB3), and the latter one was also co-expressed with two other neuronal markers: MAP2 and NeuN (RBFOX3) ( Supplementary Fig. S4A ), confirming the neural nature of ; 11 additional TFs (Lin28, Msx1, Hey2, Nr2f2, Dlx4, Lhx8, Foxa1, Fezf2, Barhl2, Lhx1, and Nr4a2) that are known to promote neural differentiation or support neuronal properties; and 3 Bnegative control^TFs that have no apparent relation to neural differentiation (Nanog, Sfpi1, and Tcea3).
3
The proportion of PSA-NCAM(+) cells differentiating towards neural lineage was generally higher for cells with induced TFs (Dox−) than in control (Dox+) (Fig. 1C, D) . This difference was statistically significant for 41 TFs. Of them, 23 TFs (up to Mef2c from the left in Fig. 1C ) showed a significant increase in the proportion of PSA-NCAM(+) cells compared to the average in all controls 4.06 ± 2.26% (±S.D.), indicating that these TFs can facilitate the differentiation of ESCs into neurons. The most potent inducers of neural differentiation appeared to be Ascl1, Smad7, Nr2f1, and Ascl2 as follows from >35% PSA-NCAM(+) cells in experiments with overexpression of these TFs (Fig. 1C) . All four TFs showed high correlations between downstream gene expression changes and neural expression profiles (Fig. 1A) , which further supports the idea that correlation analysis is useful for predicting the role of TFs in ESC differentiation. However, this relationship is not universal, because several TFs (e.g., Nanog, Tcea3, Dlx4, Nr2f2, and Lin28) that had no significant correlation in Fig. 1A nevertheless showed an increased proportion of PSA-NCAM(+) cells in differentiation experiments, whereas other TFs (e.g., Klf3, Tcf3, Pou5f1, and Nrip1) had significant correlation in Fig. 1A but showed no enrichment in PSA-NCAM(+) cells during differentiation. Thus, early changes in gene expression profiles after manipulation of TFs were not always indicative of the long-term differentiation potential of cells after overexpression of these TFs.
To find additional clues about early factors that control ESC differentiation towards neural fates, we searched for genes whose 48-h response to the induction of TFs was associated with high proportion of PSA-NCAM(+) cells on day 6 in differentiation experiments. This association was quantified by covariance between positive log-ratios of gene expression change after induction of each TF (negative log-ratios were counted as zeroes) with median-subtracted proportion of PSA-NCAM(+) cells. None of the four TFs that were most potent in inducing neural differentiation activated Cdh2 within 48 h, so that our data did not confirm a previous report that expression of Cdh2 is essential for efficient neural differentiation of mouse-induced pluripotent stem cells (Su et al. 2013) . But among 500 genes with the highest covariance, two out of three top Gene Ontology (GO) categories appeared to be associated with Notch signaling (Supplementary Table S2 ). Genes, associated with Notch, included Dll1, Dll3, Dll4, Hes5, Heyl, Dner, Ascl1, Neurod4, Nrarp, Bmp2, Trp63, Mfng, Lfng, and Aph1b/c. Thus, Notch signaling may be a crucial early factor that facilitates the differentiation of ESCs towards neural fates, though how the pathway is accessed by widely different TFs remains unknown.
Neuron-like cells generated from ESCs by induction of transcription factors express markers of GABAergic, dopaminergic, and cholinergic neurons To determine which of the TFs were necessary for generating GABAergic neurons, dopaminergic neurons, and cholinergic motor neurons, we cultured cells for an additional 8 d in NeuroCult (total 14 d) and performed immunostaining with markers of these neuron types: GABA, tyrosine hydroxylase (TH), and ISL1/2, respectively (Fig. 1B) . Then, we estimated the proportion of cells stained by these markers within the subpopulation of cells stained with the pan-neuronal marker TUJ1. Induction of several TFs yielded differentiation towards specific neural lineages. The majority of neuron-like cells generated by induction of Ascl1, Smad7, Nr2f1, Dlx2, Dlx4, Nr2f2, Barhl2, and Lhx1 were GABA-positive (Figs. 1E and 2A) . In comparison, control cells cultured in Dox+ conditions had very few TUJ1(+) and GABA(+) cells ( Fig. 2A, first row) . Cells generated by induction of these eight TFs expressed other markers of GABAergic neurons, such as GAD67 (glutamine dec a r b o x y l a s e 6 7 ) , P V ( p a r v a l b u m i n ) , a n d S S T (somatostatin) (see examples for Nr2f1 and Dlx2 in Supplementary Fig. S4B ). Out of these eight TFs, only three (Ascl1, Smad7, and Nr2f1) produced abundant neural-like cells (Fig. 1C) and thus are most promising for practical applications.
High proportions of TH(+)/TUJ1(+) cells were observed in neuron-like cells obtained by induction of Lmx1a and Nr4a2 (Figs. 1E and 2B) , indicating a possible capacity of these TFs to generate dopaminergic-like neurons. The inference was confirmed by testing cells for expression of other markers of dopaminergic neurons (Supplementary Fig. S5A ). A high proportion of ISL1/2(+)/TUJ1(+) cells was observed in neuronlike cells obtained by induction of Isl1, Fez2, and St18 (Figs. 1E and 2C) , indicating the capacity of these TFs to generate more cholinergic-like motor neurons. Cells generated with Fez2 and Isl1 expressed other markers of cholinergic neurons ( Supplementary Fig. S5B ). However, the total yield of neuron-like cells on day 6 was low for these TFs (Fig. 1C) . Thus, it is not clear if induction of single TFs can generate enough dopaminergic and cholinergic neurons, respectively, to be useful for further studies.
Role of Ascl1 induction in the emergence of neural transcriptome Global gene expression profiling is a powerful approach for elucidating the mechanisms of neural differentiation (Aiba et al. 2006; Abranches et al. 2009; Akanuma et al. 2012) . However, little is known about transcriptome changes during neural differentiation driven by individual induced TFs. We selected Ascl1 for a detailed time-course experiment because it generated the highest proportion of cells with neural progenitor marker PSA-NCAM. The effect of Ascl1 induction was measured by comparison of gene expression in cells cultured in Dox− conditions versus that in cells cultured in Dox+ at the same time point. As additional baseline, we used gene expression in ESCs in Dox+ on day3. We were focused on the expression of neural-related genes which we compiled from published sources (GEO data sets: GSE19806, GSE10246, GSE24207, GSE49847, GSE1986, GSE8249, GSE30611) (Gallardo et al. 2007; Lindsley and Murphy 2007; Wu et al. 2009; Sharov et al. 2011; Illumina 2011; Thorrez et al. 2011; Yue et al. 2014 ) based on their upregulation in brain versus both ESCs and median expression in non-neural tissues. For the Illumina data, human gene symbols were converted to mouse orthologs using Homologene (NCBI). The final list of neural-related genes included 2559 genes that appeared in more than one study.
Induction of Ascl1 dramatically increased the number of neural genes that became upregulated during ESC differentiation ( Supplementary Fig. S6 , Dox−). The most rapid increase in the number of upregulated neural genes was observed on days 5 and 7 (N = 532 and N = 1083, respectively, 2-fold change) and then remained at that level through day 14. These upregulated genes included genes associated with GABA and glutamate signaling and transcription factors (Fig. 3A) . ESCs cultured in Dox+ conditions (where transgenic Ascl1 is not induced) also show some upregulation of neural genes starting on day 5, but the number of upregulated neural genes was lower (e.g., N = 226 and N = 430, 2-fold change on days 5 and 7, respectively) than in cells cultured in Dox− conditions. We explain the activation of neural genes in Dox+ conditions by the effect of the neural differentiation medium, which alone can drive differentiation of ESCs towards neural fates (Aiba et al. 2006) . In particular, Nr2f1 (i.e., one of the four top TFs with strongest potential to induce neural differentiation) was activated by 52-fold on day 7 in control cells where Ascl1 was not induced (Fig. 3A) . Additional neural-related TFs (e.g., Zic1, Myt1, Lhx1, Lhx2, Lhx9, and Hes5) were activated in Dox+ conditions on day 10.
To explore the role of Ascl1 in activation of its target genes, we compiled a list of reproducible binding sites of Ascl1 in the genome based on published ChIP-seq studies (see BMaterials and Methods^section). Based on these binding sites, we identified 3577 prospective target genes of Ascl1 whose TSS was within 100 kb from binding sites. These target genes were strongly enriched among genes upregulated in ESCs with induced transgenic Ascl1 (i.e., in Dox− conditions) as compared to control ESCs (i.e., same clone, time, and medium, but in Dox+ conditions) (Fig. 3B) , based on the parametric analysis of gene set enrichment (PAGE) (Kim and Volsky 2005) . The strongest enrichment was observed on day 5 (z = 7.85, p = 4.0 × 10
−14
). The rank plot for day 5 shows that the proportion of targets of Ascl1 is >30% among upregulated genes and only~10% among other genes (i.e., either downregulated or with no change) (Fig. 3C) . Although binding of Ascl1 is strongly enriched within 300 bp from the TSS of target genes, these binding sites have almost no effect on the level of transcription (data not shown). Thus, regulation is achieved mainly via binding of Ascl1 to distal enhancers (>300 bp away from TSS). The proportion of Ascl1-target genes that were also classified as neural-related was~19% among upregulated genes and only~2% among other genes (Fig. 3C) .
The majority (>50%) of neural genes that are also targets of Ascl1 were upregulated by >2-fold on day 7 in Dox− conditions, whereas only 22.5% of them were upregulated in control (i.e., in Dox− conditions) ( Supplementary Fig. S6, left panels) . Examples of target genes activated by Ascl1 include GABAergic-related genes Dlx2, Gad1, and Kcnc1; glutamatergic-related genes Slc1a2 and Grm7; and TFs Myt1, Hes5, Zic1, and Sox11 (Fig. 3A) . Endogenous Ascl1 was also upregulated in Dox− conditions on day 7 (by 9.7-fold) and was possibly activated by the induced transgenic Ascl1.
4 Many neural genes that are not Ascl1 targets were also more strongly upregulated in Dox− conditions as compared to control (Dox+) ( Supplementary Fig. S6 , right panels). We hypothesize that many of these genes were activated via chain response of multiple TFs that were downstream of the induced Ascl1.
In addition to the analysis of mRNA gene expression profiles, we quantified the expression of miRNA with microarrays and identified 35 miRNAs that were significantly (FDR <0.05, change >2-fold) upregulated in cells with induced Ascl1 (Dox−) at days 10 and 14 (combined as replications) as compared to control cells (Dox+ on the same day, and Dox+ on day 3) (Fig. 3D) . These include miRNAs that were previously reported in neural tissues, such as miR-124, miR-125, miR-137, miR-132, miR-99a, miR-9, and miR-128 (Babak et al. 2004; Tao et al. 2015; Zhao et al. 2012) and miR-384 which was upregulated in GABAergic neurons 4 There are two binding sites of Ascl1 near it own transcription start site: at +0.7 kb and −47.5 kb (mm9 genome) supported by two data sources. The latter binding site, located within the third intron of neighboring gene Pah, is more likely to be the functional enhancer because of multiple binding motifs of Ascl1 and strong evolutionary conservation, whereas the first site is within the ORF.
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Induction of Ascl1 expressing Gad2 (He et al. 2012) . Nearly a third of these upregulated miRNAs are targets of Ascl1 (Fig. 3D) .
Enrichment of cells programmed by transcription factors yielded an almost pure population of neuron-like cells Cells generated with induced transgenic TFs always included a large proportion of PSA-NCAM(−) cells that did not follow the neuronal path (Fig. 1C) . To increase the purity of the differentiated cells, we used microbeads with anti-PSA-NCAM antibody to enrich the population of PSA-NCAM(+) cells generated by day 6 with three TFs: Ascl1, Smad7, and Nr2f1 that gave relatively strong differentiation into BGABAergic-like^neurons. Then, cells were replated and cultured for an additional 8 d for terminal differentiation (Fig. 1B) . On day 14, PSA-NCAM(+) cells had clear neuron-like morphology and were stained by both TUJ1 and GABA, whereas PSA-NCAM(−) cells had very few neuronlike cells stained by TUJ1 and no cells stained by both TUJ1 and GABA (Supplementary Fig. S7 ).
To confirm that enrichment of PSA-NCAM(+) cells yielded an almost pure population of neuron-like cells, we compared global gene expression profiles of PSA-NCAM(+) and PSA-NCAM(−) cells, on day 14 with microarrays. For additional comparison, we utilized previously published data on gene expression profiles in various mouse organs and tissues, processed with the same microarray platform (Sharov et al. 2011) . Log-transformed gene expression values of PSA-NCAM(+) cells generated with Ascl1 normalized by median gene expression in non-neural tissues were highly correlated with gene expression values in brain cortex and cerebellum (r = 0.66), neural stem cells (NSC) (r = 0.65), and eyes (r = 0.56) (Fig. 3E, blue bars) . Correlation with gene expression in other (non-neural) tissues was <0.105. In contrast, correlation between gene expression in PSA-NCAM(−) cells generated with Ascl1 and in brain cortex and cerebellum was low (r = 0.14-0.15); instead, gene expression in PSA-NCAM(−) cells correlated with placenta (Fig. 3E, orange bars) .
In addition to correlation analysis, we compared the number of neural-specific genes that were upregulated by ≥2-fold in PSA-NCAM(+) cells generated with Ascl1, Smad7, and Nr2f1 with that in various mouse organs and tissues, based on data from (Sharov et al. 2011) . As baseline, we used the maximum expression of each gene in ESCs on day 3 in Dox+ and median expression in non-neural tissues. Cells generated with Ascl1, Smad7, and Nr2f1 and enriched by microbeads showed upregulation of 1307-1421 neural genes, which is close to the number of neural genes upregulated in brain cortex (N = 1824) and is higher than the number of neural genes upregulated in NSCs (N = 907) (Fig. 3F) . In contrast, PSA-NCAM(−) cells generated by induction of Ascl1 had only 397 upregulated neural genes. Low expression of neural-related genes that were not upregulated in ESC-derived cells can be explained by the difference between the in vitro conditions and brain, as follows from the comparison with other published in vitro studies (Mahony et al. 2011; Burney et al. 2013; Deng et al. 2013) (Supplementary Analysis). In addition, some low-expressed genes were simply not typical for the GABAergic neurons that predominated among cells generated with these three TFs (Supplementary Analysis).
Thus, enrichment of ESC-derived cells yielded an almost pure population of neuron-like cells; however, this method was successful only for TFs that generated high proportions of PSA-NCAM(+) cells on day 6. Further work is necessary to design methods for enrichment of neuron-like cells induced by other TFs.
Discussion
This paper presents the first large-scale study of the potential of 49 individual manipulated TFs to induce neural differentiation in mouse ESCs after 6-14 d of culture. These TFs were selected from the quantitative analysis of data from a previous pilot study in which global gene expression profiles were identified after 2 d of TF induction. In total, 23 TFs show a statistically significant increase in the proportion of PSA-NCAM(+) cells compared to control (i.e., no TF induction), indicating an apparent capacity of these TFs to facilitate the miR-125b-5p miR-9-5p +++ miR-219a-5p + miR-375-3p ++ miR-124-3p ++ miR-137-3p miR-100-5p ++ miR-219a-2-3p + miR-598-3p miR-344b-3p miR-218-5p miR-138-5p miR-135a-5p ++ miR-132-3p +++ miR-342-3p miR-103-3p miR-301a-3p miR-551b-3p miR-107-3p miR-30a-5p miR-153-3p miR-340-5p miR-7b-5p miR-135b-5p ++ miR-128-3p ++ miR-216a-5p miR-325-3p miR-488-3p miR-7a-1-3p miR-3082-5p miR-135a-2-3p + miR-1187 miR-384-5p miR-670-5p miR-574-5p d3 d5 d7 d10 d14 d3 d5 d7 d10 d14 d3 d5 d7 d10 d14 d3 d5 d7 d10 d14 Dox+ Dox- . The role of Ascl1 and Nr2f1 in neural differentiation is also well established (Borello et al. 2013; Kageyama et al. 1997; Naka et al. 2008; Sommer et al. 1995; Vasconcelos and Castro 2014) . The other two TFs have not been associated with the determination of neural fate. Ascl2 is mostly involved in the maintenance of giant cell precursors in the trophoblast differentiation (Scott et al. 2000) ; however, it shares a DNA binding motif with Ascl1 and activates a similar subset of genes after induction in ESCs (Nishiyama et al. 2009 ). Thus, it is not surprising that it facilitates neural differentiation in the context of ESCs. And Smad7 was reported as a factor sufficient to directly convert human ESCs to a neural fate possibly via inhibition of TGFβ (Ozair et al. 2012) . In ESC cultures, eight TFs (Ascl1, Smad7, Nr2f1, Dlx2, Dlx3, Nr2f2, Barhl2, and Lhx1) generated neural-like cells that were predominantly GABA-positive after 14 d of TF induction. The first three of them are most perspective candidates for producing GABAergic neurons because of their strong potency as inducers of neural differentiation. The capacity of Ascl1 and distal-less (Dlx) family TFs to promote GABA signaling was expected because these TFs are markers and inducers of GABAergic neurons (Potter et al. 2009; Al-Jaberi et al. 2013; Sellers et al. 2014; Smith et al. 2014) . Nr2f2 is also a marker of GABAergic interneurons in fetal forebrain (Reinchisi et al. 2011 ) and hippocampus (Fuentealba et al. 2010) . Lhx1 together with Lhx5 support the development of GABAergic interneurons in spinal cord (Pillai et al. 2007 ). The role of Nr2f1 and Smad7 in specification of GABAergic neurons was unknown; instead, Nr2f1 was reported to facilitate the differentiation towards motor neurons (Tomassy et al. 2010) .
A few TFs increased the proportion of cells with markers of dopaminergic (Lmx1a and Nr4a2) or cholinergic (Isl1, Fezf1, and St18) neurons among neuron-like cells, but the yield of neuron-like cells was relatively low on day 6 and they have not been further studied. Judging by the further results with GABAergic-like cultures, further modification of time of induction or other conditions may provide higher efficiency; but it is also possible that more than one factor, perhaps a second TF, would be required for efficient generation of other types of neurons.
Detailed gene expression profiling of cells in the course of their differentiation assisted by the induced Ascl1 showed that this TF has a much stronger effect on the activation of neuralrelated genes than neural differentiation medium alone. The strongest effect of Ascl1 induction was observed by days 5 and 7, i.e., long before cells acquired typical neural morphology on day 14. Genes upregulated due to Ascl1 induction were enriched in target genes with binding of this TF to enhancers, which presents a mechanistic explanation of the effect of Ascl1. In addition, we found 35 miRNAs upregulated after the induction of Ascl1 in ESCs, and a third of them are targets of Ascl1. Six of these miRNAs are known to be expressed in neural tissues, and we hypothesize that other miRNAs from this list may also have neural functions.
Beads bearing the anti-PSA-NCAM antibody appeared efficient for enrichment of neural-like cells obtained with three TFs Ascl1, Smad7, and Nr2f1 on day 6. These cells showed a high correlation of their global gene expression profiles with neural tissues (brain cortex, cerebellum, eye) and neural stem cells (NSCs), and the number of upregulated neural genes in these cells was just a little lower than in the brain, which indicates high similarity between in vivo and in vitro cell phenotypes. Interestingly, global gene expression profiles of cells obtained with three TFs were very similar to each other ( Supplementary Fig. S8 ) despite of the fact that these TFs belong to entirely different classes of proteins. In the short term (2 d), Ascl1 activates ca. three times more genes than Smad7 and Nr2f1, but 99 downstream genes were common between for all three TFs, and 422 downstream genes were common for at least two of these TFs. We hypothesize that this similarity is sufficient to direct ESCs towards the same stable pathway of cell differentiation. This notion is supported by the Waddington's model of epigenetic landscape, where developmental trajectories converge due to the properties of gene regulatory networks (Waddington 1957) .
In summary, we demonstrated that our approach efficiently identified TF candidates for inducing neural differentiation in ESCs based on short-term gene expression profile changes. In particular, TFs can be used for guiding cell differentiation towards specific neural cell types. Future studies should aim to identify individual TFs and their combinations for differentiating more specific and mature neural cell types from pluripotent stem cells and ultimately for possible therapeutic applications.
